INTRODUCTION
The richness of the arthropod fauna ii! vegetationless sand dunes of the ;i;:l11ib Desert in S.W. Africa has rerently received comment (Lawrence 1959; Koch 1961 Koch , 1962 . This fauna I,) '(-Lherwith that of the dry riverbed wri of the stony plains, all near Go-!s.\bcb, provide exceptional material for lavestigation of the various adaptations Lie Holm 11:)t onlv collected for P1C in the :-",.;iiJ Desert whel; I was away, but t:avl; a .,r.!( LII'al or vnlu.il.lc :t~s::.:t:!nce ant! informnl ion ·"j,~:c1 W::$ work im; in the desert. GraLcft:l f~t:lh()\V!t:ll:~mcr.ts are also made to the Guggenheim :",;nli.!I;or. llnd the National Science Foundation 1M "",I "DO) roc ",,,,,d,,1 "'PI>"'· of arthropods to extreme desert conditions. In an attempt to take advantage of some of these opportunities, I visited the Namib Desert Research Station at Gobabeb during the summer and again during the winter of 1969 and made observations both there and at the University of Cape Town on cert.ain aspects of the physiological ecology of some of the commoner arthropods. The present paper reports the results of those experiments which were concerned with water exchange. Experimerits on body temperature and on activity in relation to microclimatic conditions •. vill be reported elsewhere.
On the vhole, desert arthropods arc exposed to a highly desiccatory environrncnt, and one important aspect of , their physiology concerns the extent to which evaporative water Joss may be reduced and water conserved. The pres-L . work wa: done to obtain comparath c data~.jout total water loss in a variety 01' species and to see whether, and if so 110\\', this may be correlated with different habitats and different activity -patterns, Several arthropods are now known to reverse the direction of overall water movement and to show a gair. of water in unsaturated air provirltu the relative humidity is above a level specific for each species (Edney 19':7, 1970) . The existence of such an ability would presumably be advantageous in desert situations-it has been shown in a desert cockroach (Edney 1966 )-and the present work was designed to find whether it occurs in any of the species now studied.
MATERIAL AND METHODS
The species used were chosen to represent as far as possible the three main habitats in the vicinity of the research station at Gobabeb: the vegetationless sand dunes to the southwest, the Kuiseb riverbed which runs approximately from southeast to north-··,·,·t west, and the gravel plains on thtt northeast of the river.
Brief ecological information alx".! each of the species studied is given in table 1; for further information~ ('t Holm (1970 Some preliminary measurements were :ude in tile laboratory at Gobabcb, t::t the greater part of the work was done in the zoology department at the University of Cape Town. For the main experiments the insects were ex-; . posed singly in open glass vials to air over freshly dried calcium chloride (a no.ninal 00/0 relative humidity) in desi:::uurs. The desiccators were kept at 17 C ± 0.5 C, except for about 10 min. fJch day when the insects were weighed. \\,cighings were made to the nearest 0.1 mg, and provided the vials were at hboratory air temperature, repeatability to 0.2 mg was readily achieved.
Where possible 25 or more individuals of each species were used, and they were weighed once a day for 5 days while in dry air. After this, 10 insects of each species were put into 90% relative humidity and weighed for a further 2 days, to find whether they i reabsorbed water vapor.
To reduce the output of fecal pellets as far as possible, all insects were fasted for 24 hr before use. Neverthe-! less,a few pellets were sometimes produced, but their weight was never more than 5% of the weight lost by evaporalion of water from the whole insect.
Loss of water from the pellets was unknown but must have been comparatively small, and the few pellets that were produced were therefore left in tbe vials and weighed with the insects.
However, on the fifth day the pellets were discarded and the insects reweighed before being placed in 90% relative humidity, since dry fecal pellets might have absorbed considerable amounts of water.
Very nearly all the insects were apr;:;'cntIy healthy at the end of the experiment, and the few that showed any lndication to the contrary (e.g., if theỹ
•. :_~,..~~..,.I"!Ĩ~., •... 9"I"!IC"'T"Io"',.., UJ sive) were discarded. Loss or gain of weight during the experimental period was interpreted as loss or gain of water, respectively. No doubt the insects' dry weight fell as a result of oxidation of reserves during this time, and it is unlikely that the resulting water of oxidation would offset this loss precisely, so that some error will have been introduced. However, for comparison between species the observations are probably acceptable as measures of water leaving the insect (not as measures of overall change in water content). Measurements of RQ were not made, but if fats and polysaccharides were metabolized in equal proportions and O 2 uptake was 0.4 ml g-1 hr"" (based on values for Schistocerca, Tenebrio molitor and other insects quoted by Keister and Buck 1964) , calculation shows the error to be 5% in an insect that loses only 2 % of its weight per day. If more fat were metabolized, or weight lost more rapidly, the error would be less.
RESULTS
Besides getting information about comparative water loss, I also wanted to know whether the rate of loss from anyone individual varied with time, and whether size affected the rate of loss per unit weight. The results will be considered from these points of view. after some initial variability an insect which lost comparatively rapidly on one day did so fairly consistently on other days. There was a slight decrease in the mean rate of loss on successive days: from 1.2 % on the first day to 0.8% on the fifth. On day 6 there was an increase in mean weight, from 9S.77c to 96.3 % of original, and this was probably due to adsorption of water onto the dry cuticle, for on the following two days further slight drops occurred such as might be expected in 90% relative humidity. Ahearn and Hadley (1969) found a similar effect in the tenebrionid Cryptoglossa uerrucosa.
As we shall see later, some of the variance between individuals may be accounted for by a size effect. At present, however, we are concerned with m,pr~(T(> ,·~tf'C: nf 1f1~.~::111(1 in view of the generally consistent behavior oi individuals from day to day in ot11I"' species as well as in O. plana, little in· formation will be lost if the results f"r all species are expressed simply as (i:li!y means with individual limits, and thi, has been done in figure 2, where tho species are divided into three group) only for the sake of clarity.
These results show that the 111(';\1' rate of loss varied greatly from one species to another, and that the rate of loss in most species declined slightly from day to day up to five days in dry air. Subsequent behavior in 90% relative humidity was also quite consistent: there' was sometimes a gain during [be sixth day (probably the result of curieular adsorption as mentioned above -;. but on the seventh and eighth days there was always a slight loss.
The ratio of the mean rate of l<1c<
HTr igonopus sp .
Dry air -1-90% R.H. Trigonopus. If the rate of loss were determined solely by the ambient vapor pressure deficit, evaporative loss in dry air would be 10 times that in 90% relative humidity, The fact that it is much less than 10 times suggests that the insects in dry air reduced the rate of loss, perhaps by spiracular control.
There is one important exception to the generally observed slight loss of weight in 90% relative humidity: as shown in figure 3, Ctenolepisma terebrans, after losing weight rather rap- idly in dry air, gained weight "llfl;; subsequently exposed to 80;6 rd:lth" humidity. Experiments to explore: liJ)1 fact in more detail are reported lxii/ll
If the amount of water lost by b~.i viduals of one species is a fixed plp ortion of their original weight, tltr relation between L (weight lost 1~1 unit time) and W (original Wd;.;tll will be linear. However, if a signiilc4;,1 proportion of the water loss occur I through the insects' cuticle, such a IT lationship would not be expected .,'; hold, and weight loss might vary as a 
If a relationship indicated by (1) holds, it is better to transform the data to the logarithmic form of (2), as Lasiewski and Dawson ( 1969) have pointed out in connection with standard metabolic rate and body weight in birds, because such transformation lowers the variance of the higher values and thus permits the calculation of a more reliable value for b.
The transformed values for all available individuals in each of three species are plotted in figure 4. The three species chosen are illustrative of the rest .. 
FlG. 4.-Thc relationship between weight (W) and weight specific loss of weight (presumed water) !L/IV), both on a logarithmic scale. In O. rugatipennis and C. moralesi there is a highly significant I!(gativecorrelation with a regression coefficient of Jess than 1, showing that water loss is proportional 10~fractional power of the original weight of individuals. The much smaller thysanuran C. iercbrans !l:;O\\'S no significant correlation. A negative correlation also exists between mean weight and water W (both logarithmic) in different species when these arc compared, as in lower right-hand graph of '\lrc. Differences between mean rates of loss in species of approximately the same weight arc probably .~.~.~. '"~':~7ã strong negative correlation bet\\ '('(,lJ log (L) (table 2) .
Correlation coefficients and regression coefficients of log (specific weight loss) on log (weight) were calculated for each species, and all are significant at least at the .05 level (with the exception of Ctenolcpisma as mentioned above). The same statistics were also calculated for each species using log (L) on log (W), but the results· showed no significant correlation in the five species, O. plana, O. rugaiipennis, O. laeoiceps, Lepidochora porti and Trigonopus sp. although correlations were present in the others. We may conclude that there is a better correlation between weight-specific weight loss and size, and these values have been used in table 2.
Values for (b -1) in (2) above derived from all available data for each species vary rather widely between spe-.
cies. In Calosis amabilis the (b -1) , value is -0.34, which is equivalent to ' a b value of +0.66, so that total evaporative water loss is closely proportional to surface area. In other species, however, particularly the larger ones, such proportionality is obscured, presumably by the interaction of other factors affecting water loss.
Ctenolepisma terebrans is egregious in this as in some other respects. It shows no correlation between log (L/W) and log (W). Instead, there is Apart from the effect of size on water loss intraspecificaIly, we may also ask whether the observed specific dii. ferences in rates of loss (expressed a.p ercentages of original weight lost in unit time) may themselves be ascribed to interspecific size differences. If so, then we need not postulate any differ. ence in (for example) cuticular pcrmcability between the species. To answer this question a specific rate of water loss was obtained for each species hv calculating the rate for an :tvera~'l' sized individual from the appropriate relationship:
. These values. in terms of percentage loss in 5 days. were graphed against log (W) for each species, as shown on the lower riuht h graph in figure 4 . A correlation coefli· cient of -.8 obtains, and the (b -11 value is -0.262. In genera!, therefore, smaller species do indeed show highn specific weight losses than larger OIlt'S. However, such a conclusion is not vcrv informative: of more importance is th·{· fact that there exist large differences in loss rate between rather similarly sized species. For example, C. amabilis, a beetle active by day in the slimmer (\~\ open gravel plains, has a lower weight· specific loss rate than the two specie' of Lepidochora, argentogrisea which im ostly nocturnal and porti ,vhich is strictly nocturnal; while a much hichcr loss rateis shown by the mesic Trig~II()' pus sp., although an four species arc rather similar in individual weights. TIH' matter is discussed further below.
1'. T:n; ErxL'':T OF CO~,\NO DEAF! ON WATER r ')55 DY OXYMACRIS PL,\XA Thirty Jeetles were prepared by fasting for 1 day as before and then divided into three groups. The first group was kept in dry air for 2 days, the second group was in 20% CO2 in dry air, and the third group was killed In 1-12S and then kept in dry air for 2 days. The weights of individuals in each group were measured each day, and the results are shown in table 3.
While the beetles in dry air lost 1.95 % )f their original weight, those in C02 .ost 6.78% and those that were dead .ost 7.41%. The difference between .hose in air and those in C02 is signifi-:ant (P < .001), and since C02 generilly causes spiracles to be kept open we :an attribute the extra water loss to this :hanneI. The difference between dead md living beetles was also highly sigiificant (P < .001), but that between lead beetles and living ones in C02 is rot significant (P > .1), so that the iigh rate of loss in the dead beetles may lave been due to their dying with the piracles open, although the evidence or this is not, of course, conclusive.
E. WATER VAPOR ADSORPTION DY
CTENOLEl'ISMA TEREDRAN'S As mentioned above, C. terebrans belaves differently in several ways from the beetles studied. Its weight-specif:c water loss is high and is not affected bv weight. Furthermore, after dehydratio;J this species gains weight by absorption of water vapor in high humidity.
Such water vapor absorption has now been observed in several arthropods, and the limiting conditions for its occurrence are various, so that an experiment was designed to define the process and its effects in this species.
First, a pilot experiment was carried out to find the approximate lower limit of relative humidity in which absorption would occur. Noble-Nesbitt (1969) found that another thysanuran, Thermobia domestlca, absorbed water vapor at 63 % relative humidity but lost water at 43%, and Heeg (1967) observed absorption by C. longicaudata from 60;~. Accordingly, 80%, 60%, 50%, and 40j{, were chosen for the pilot experiment. Dead C. terebrans were used as controls. The result in 80% relative humidity has been briefly referred to above-all results are graphed in figure 3-and we now consider them further.
After dehydration to a mean of 79.6% of original weight during 5 days, C.
terebrans increased in weight by watervapor absorption to 101 %, 99.1 %, and 99.1 % of original weight during a further 3 days at 80%, 60%, and 50% relative humidity, respectively, but decreased to 73.4% in 3 days at 40%.
Dead C. terebrans lost water more rapidly than living ones, dropping to 57.6% of original in 3 days in dry air, after which they did not reabsorb water vapor even at 90% relative humidity. A further experiment permitted the more precise definition of conditions necessary for absorption. Insects were dehydrated as before for 5 days, during which time their weight was reduced to a mean of 79.570 of original. Thereafter they were divided into three groups of ··C''''' A further question concerns the extent to which loss of water may be regulated according to need. For example, if the body water content is low, does an insect then reduce its rate of loss in dry air below the level characteristic of one with normal water content?
The contrary question may also be asked in the case of an insect such as C. terebrans, namely, is the extent of absorption at high humidities lower in insects with high water contents?
To answer these questions, the fol- lowing experiment was done. Twenty insects were kept at 90% relative humidity without food for 7 days, after which, when they were presumably fully hydrated, half were transferred to 20% relative humidity, the remainder being retained at 90%. A further 20 insects were kept at 20% relative humidity for 7 days, after which 10 were kept al 90% and 10 at 2070.
The results are shown in figure 6 , anc the effect of the preconditioning is verj clear. During one day in 90% relativi humidity, insects gained 0.8% weigh if they had been previously in high hu midity and 20% if they had been iJ low humidity. Contrariwise, in one da; at 20% relative humidity, insects los 3.2% weight if previously dry, but 9ĩ f previously wet. Both differences ar significant (P < .01). During the secon day's exposures these trends were i general repeated.
DISCUSSION

Some information already exists aboi
water loss in desert arthropods, and th is referred to by Edney (1967, 1971 The work of Warburg (1965) on is pods; of Cloudsley- Thompson (1961 Thompson ( 1961b 1968, and Direct comparison of transpiration tes is often difficult because authors ve expressed their results in different species the rate varies with stage of development, size, humidity of the environment (Loveridge 1968a (Loveridge , 1968b , the state of the individuals' water reserves, and of course with environmcntal and cuticular temperature. However, by transforming data and making a few assumptions such comparisons have bcenmade (Burse111964; Edney 1967; Hadley 1970), and they prove to be instructive.
The present results show that so far as total transpiration is concerned, some of the beetles in the Namib Desert have some of the lowest rates recorded for r::,t a mea"of 1.25 % :;\T::d;A~::;:t INa::E::;,I:::: to be the lowest r~:
; ,juring the first day of exposure to dry recorded, lower even than the well- I lies for the other desert insects calcu-terebrans, and this insect can reabsorb lated in the same manner range from water vapor. Trigonopus sp. from a 0.68 (Ctenolepisma terebrans) to 3.49 mesic habitat shows a higher rate of I (Lepidochora porti)~g cm=" hr-1 loss than any of the desert forms. It is I mmHg-l. These values are also shown important to recognize, however, that I in table 2. Not surprisingly, Trigonopus these differential rates of water loss, , sp. (from a. mesic habitat) has a higher correlated with habitat and behavior as I rate of loss than any of the desert forms they may be, result from the interaction at 4.13~g cm-2 hc l rnm'Hg"". of at least two different components. , Bursell (1958) found that the pupae Thus O. plana has the lowest rate of :
of Glossina morsitans have a transpira-loss per unit weight not only as a result tion rate of 0.3~g cm-2 hr ? mmHg-t, of a relatively impermeable cuticle (although it is in fact more permeable than C. terebrans or C. amabilis) but also as a result of its comparatively large size. Calosis amabilis, being small and active by day in the summer, would be expected to show a very low rate of loss 2 Based on measured values for a variety of insects (Wig~lcsworth 1945) and other arthropods (Edney 1%1). The aim is to take account of the two-thirds relationship, so that rates of Joss may be seen in relation to surface arcn even if the units arc somewhat arbitrary.
per unit surface area, and it does in fact have the lowest 0: all the beetles studied.
The thysanuran Ctenolepisma has a very low rate of loss per unit area, but on account of its size, it loses a greater proportion of its total weight per unit time than any of the desert beetles. It will be shown elsewhere that the microcl..nate in which C. terebrans lives is such that even at the height of summer the relative humidity rises at night to a level which permits the insects to absorb water vapor.
In the present work, analysis of the components of water loss has not been a major concern, but this is an important question and should receive attention in future work.
The fact that dead beetles lose more rapidly than living ones parallels observations by several authors on a variety of arthropods, although the causes of such effects are still not clear. That O. plana loses water rapidly when its spiracles are open (as in the C02 experiments reported above) is of interest, for this species characteristically runs very rapidly, sometimes for quite long distances, over the hot sand from one patch of shade to another. During such rapid movement the spiracles are probably wide open, and this raises the question as to whether water loss could act as a cooling mechanism during these excursions.
Information is presented which shows that, in C. terebrans at least, dehydration itself leads to more rigorous conservation of water, and the process of water-vapor absorption is regulatory insofar as it ceases when the normal water content has been restored. It is not clear whether more rigorous conservation is achieved by a change in the nature of the cuticle (as Loveridge [1968a, 190M J suggests for Locusta and Bursell [j 955] suggests for terrestrial iso-pods) or by more rigorous spiracula, control, as seems to be the case in several insects (Burse1l1957 and rekrences in Bursell 1964), but the process is not uncommon and is clearly adaptive.
As regards the absorption process in C. terebrans, the rate of uptake from moist air is greater than the rate of Joss in dry air, as figure 3 shows, and this corresponds with the situation in Tltcrmobia (Noble-Nesbitt 1969) , Tenebrio larvae (Locke 1964) ; and Xenopsyllll larvae (Knulle 1967 ). In C. terebrans the level to which the water content rises is independent of humidity as it is in Thermobia, but unlike the situation in the psocid Liposcellis (Knulle and Spadafora 1969) , in the mite Acarus (Knulle 1962 (Knulle , 1965 , and in .Xenopsylla larvae (Knulle 1967) . Noble-Nesbitt (1969) working with Thermobia, has given good reason for believing that the main barrier to water loss at low humidities lies in the cuticle and is not dependent on the absorption mechanism being active. The same author (Noble-Nesbitt 1970a , 1970b has also found that absorption does not occur if the anus of the insects is blocked, and he believes that the absorption mechanism may be located in the rectum, a proposal which would explain the apparent independence of the mechanisms involved in restriction of water loss and absorption of water vapor.
The present work on C. terebraus contains no data either confirming or denying the presence of this interesting mechanism in that species. The fact that C. tcrebrans loses water in dry air less rapidly when its water content is low (and the absorption mechanism is presumably switched on) is not decisive evidence, since many arthropods that do not possess the absorption mech.misru nevertheless behave in this way.
Wh<l .ever the mechanism the result is c1e~1rly adaptive. To be able to remain in water balance at relative humidities 15 low as 47.5% in the absence of free water or food must permit these insects to occupy ecological niches that would be closed to other small species that do not possess such an ability. SUMMARY 1. The rate of weight loss (assumed to be water loss) in dry air at 27 C was measured in seven species of tenebrionid beetles and a thysanuran from the Namib Desert in S.W. Africa and another tenebrionid species from a mesic habitat (Grahamstown) in the Cape Province.
2. The mean rate of loss in each species decreased slightly during 5 days' exposure. When the beetles were transferred to 90% relative humidity there was a slight increase in weight on the next day (perhaps the result of hygroscopic absorption by the cuticle) and a slight decrease during 2 subsequent days. The rate of loss was not proportional to vapor pressure deficit, but was lower than expected in dry air. 3. In each beetle species there was a significant correlation between weight (W) and water loss expressed as a per-centage of original weight (100..f.) on W a log/log scale. The thysanuran, Ctcnolepisma terebrans, did not show such a correlation.
4. Mean rates of weight-specific water loss (percentage of original weight lost in unit time) in the various species were in general found to be adapted to their known habits and habitats. These differential rates result in part from differences in size, but they also reflect differences in rates of loss per unit surface area-the latter probably being due to different cuticle permeabilities. 5. The rate of water loss from the tenebrionid Onymacris plana in 20% C02 was more than three times the rate of loss in air. Dead O. plana also showed a similar increase in rate of loss. Perhaps both effects are due to loss of spiracular control over water loss from the respiratory surfaces.
6. Ctenolepisma terebrans gained weight by absorption of water vapor in relative humidities of 47.5 % or above.
The rate of uptake in high humidity was greater than the rate of loss in dry air and ceased when the normal water content was restored. This species lost water less rapidly if its water content was low than if it was fully hydrated. 
4.13
The probability that the correlation coefficient, r, does not differ from O.
Where (b-I) is the expo nen t in the equation fi; == aW<b-ll. ± 95% confidence limits.
Calculated as 1/24 of the 10:;' during the first day.
